Recent calculations 1, 2 have shown that GeV electrons may be generated from above-threshold ionization in intense laser fields. In light of these studies, questions arise as to which configuration is best suited for the production of a mono-energetic and reasonably well-collimated electron beam and under what conditions may that be possible. In particular, it is of interest to know whether atomic ionization may be a practical source of electrons in a table-top laser accelerator.
The purpose of this Letter is to show that, following ionization near the focus of a radially polarized laser beam, GeV-energy electrons may be ejected in a narrow beam. Previous studies of this configuration were done within the context of a paraxial approximation for the laser fields. [3] [4] [5] Recently, the fields of a radially polarized laser beam (henceforth to be called the axicon fields, being the type of field that results from submitting a Gaussian beam, for example, to an axicon of some sort) were developed 6, 7 to orders ⑀ 5 and ⑀ 15 . This work is motivated by the recent progress in focusing radially polarized laser radiation to subwavelength spatial dimensions. 8, 9 Assuming propagation along the z axis of a cylindrical coordinate system, the fields have three components, E r , E z , and B . Strictly speaking, the electric field is polarized. Therefore, following ionization, the electron will most probably be ejected in the polarization direction, which itself changes continuously. Denoting by ␤ the electron velocity scaled by c, the speed of light in vacuum, and assuming its interaction with the laser fields that result in acceleration commences at t 0 = 0, one has ␤ 0 = 0. Subsequent motion of such electrons will therefore be confined to the polarization plane. Without any loss of generality, we study the dynamics of electrons whose initial positions originate on a line in the xy plane through the focus (like the x axis) on both sides of the focus and very close to it. Those electrons will be accelerated maximally and scattered minimally about z.
The radial electric and azimuthal magnetic components work to trap the electron, while the intense axial electric component does the job of accelerating it. 10 In describing the field components of the monochromatic beam of wavelength and angular frequency , the Gaussian beam parameters will be used. Those parameters are its waist radius w 0 , its Rayleigh length z r = kw 0 2 / 2 (where k =2 / is the wavenumber) and diffraction angle ⑀ = w 0 / z r . In cylindrical coordinates ͑r , , z͒ with the origin at the Gaussian beam focus and z-axis along its propagation direction, the field components are
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In Eqs. (1)- (3) = r / w 0 , and
where 0 is a constant initial phase. For completeness, the beam power may be calculated from
Let m and −e stand for the mass and charge, respectively, of the electron. Its relativistic momentum and energy will then be p = ␥mc␤ and E = ␥mc 2 , respectively, where ␥ = ͑1−␤ 2 ͒ −1/2 is the Lorentz factor. The discussion will be based on solutions to the relativistic equations of motion in the laser field, namely, dp dt = − e͓E + c␤ ϫ B͔,
which may be combined into
The single-particle calculations presented here will employ numerically integrating the equation of motion (10) by use of = t − kz as an integration variable. Integration will typically be from 0 to f =4.
For a set of initial conditions in which t 0 =0=z 0 , one has 0 = 0 and, hence, f =4 corresponds to integration over a time interval typically longer than 10 7 laser field periods.
In cylindrical coordinates Eqs. (9) are equivalent to
Equation (13) already suggests the existence of a constant of the motion ␥␤ = constant. This explains and supports the assertion made above that motion of the electron in the axicon fields will be confined to the polarization plane ͑␤ =0͒, if they leave the parent ion in the polarization direction of the laser ͑␤ 0 =0͒, as expected.
With the above-mentioned initial conditions, a numerical integration of Eq. (10) yields ␤ and, hence, ␥ at a later time taken equal to a large number of laser field cycles. Then one calculates the energy gained by the particle from gain= ͑␥ − ␥ 0 ͒mc 2 , where ␥ 0 = ͑1 − ␤ 0 2 ͒ −1/2 . In Fig. 1 the gain is shown as a function of the initial position of the electron in the xy plane on either side of the focus. We have taken the initial phase constant as 0 = , a choice that has been shown to result in maximum gain. 5 It is obvious from the figure that the gain is a maximum if the electron is born at the origin of coordinates. This may be explained by considering Fig. 2 , in which the electric field amplitudes in the xy plane are shown. Figure 2 shows that E z is a maximum at the origin, while E r = 0 there. Furthermore, for the chosen value of the diffraction angle, the maximum value of E z is larger than the peak value of E r . Thus an electron released at the origin will be quickly accelerated along the laser propagation direction. This may be understood well by looking at the component equations of motion. According to Eqs. (11)-(13) the only nonzero force component at the origin points along the propagation direction. For initial positions on either side of the focus, ͉x 0 ͉ Ͼ 0, the amplitude of E z decreases while that of E r increases. Subsequent motion of the electron will therefore have a transverse component, and part of the gained energy will be wasted in transverse oscillation and/or other complications brought about by the magnetic force. This explains the fall in energy gain seen in Fig. 1 for ͉x 0 
The results shown in Fig. 1 demonstrate GeV electron gain from axicon fields of a petawatt laser system. It also shows that the maximum gain is by electrons born at rest at the origin. We have argued above that such electrons will all travel axially. The question remains as to what happens to electrons born within a small circle around the focus. According to Eqs. (11)-(13) those electrons will travel in the polarization plane subsequent to ionization. Asymptotically an electron will be deflected at an angle away from the laser propagation direction. This electron diffraction angle may be judiciously defined by = tan −1 ͓␤ r / ␤ z ͔. Variation of the electron diffraction angle as the initial lateral position of the electron is varied in the xy plane on both sides of the beam focus is shown in Fig. 3 . Note first that, apart from the wiggles that do not coincide, the curves corresponding to two widely different beam powers fall on top of each other. The diffraction angle depends strongly upon the polarization direction of the laser at the instant it enters the field. The polarization direction may be given (roughly) in terms of the angle pol = tan −1 ͓E r / E z ͔, relative to the z axis. A look at Eqs. (1) and (2) shows that the ratio E r / E z depends on the trigonometric functions C n and S n , which explains the wiggles on the curves. The ratio, however, is independent of the field amplitude given by Eq. (4) and hence does not depend upon the beam power.
According to the inset all electrons born within a circle of radius less than half the laser beam waist radius will be deflected within a cone of apex angle Ͻ 1°. That spread in the initial positions leads to a wide spread in the energy gain, as may be inferred from the broadness in the peaks of Fig. 1 . The good news is that, as has been remarked above, electrons produced by ionization leave their parent ions in the polarization direction of the laser. At the beam focus the polarization direction of the overall electric field is perfectly axial (along z), and close by (within a radius of a few atomic units) it points at a very small angle with z. Thus we should expect the electrons to enter into the region of interaction with the laser field at a small angle with z and to emerge within a cone having a small apex angle. Furthermore, electrons whose initial positions are near x 0 Ӎ 0.3 w 0 , in Fig. 3 , will be scattered similarly (i.e., within a small apex cone about the z axis). E r acts initially to move the electron transversely away from the beam axis, decreases in magnitude with time, and eventually vanishes before reversing direction. According to Eq. (6) and for points in the xy plane ͑z =0͒, the component E r = 0 at the instant corresponding to t = . Similarly, with the help of Eq. (5) the component E z attains a maximum value at exactly the same instant. These conditions (met by electrons for which x 0 Ӎ 0.3 w 0 ) are identical to those of electrons born at rest at the origin. Hence, we conclude that both families of electrons will be diffracted similarly. Differences exist, too. While the x 0 = 0 electrons diffract about the z axis, the x 0 Ӎ 0.3 w 0 electrons diffract within a narrow annulus centered on z. Figure 1 shows that the first group gains more energy than the second, as part of its energy is lost due to the transverse motion.
The dramatic rise in the diffraction angle for initial positions roughly beyond w 0 / 2 away from the beam focus is due to the rise in E r accompanied by a fall in the strength of E z (see Fig. 2 ). Note that the two components are of comparable strength at r Ӎ w 0 / 2. Beyond that point, E r increases at the expense of E z , which leads to a bigger subsequent transverse electron excursion.
The present results have been obtained from single-particle calculations based on a set of somewhat artificial conditions. A more thorough investigation ought to take into account an initial distribution of velocities in all directions for tunneling and overthe-barrier ionization electrons. This also requires specifying the atomic species, which may have to be a highly charged ion. 
